We propose a serial-to-parallel conversion scheme based on complete OFT, allowing simultaneous conversion of all channels. We demonstrate all 32-channel simultaneous OTDM to WDM conversion of 320-Gbit/s DPSK and of 640-Gbit/s DQPSK signal, respectively.
978-1-943580-07-1/16/$31.00 ©2016 Optical Society of America configuration as illustrated in Fig. 1(a) . The dispersive elements involved before the phase modulation stage will generally broaden the input waveform, making the edge serial tributaries partially extend beyond the temporal aperture of the time-lens. This will cause temporal clipping and hence spectral broadening and power loss of the edge channels after serial-to-parallel conversion, resulting in a large inter-channel crosstalk and OSNR degradation.
To overcome this challenge, we propose to use a new time-lens based complete OFT, which has also been used in demonstrations such as WDM to Nyquist-OTDM conversion [9] and OFDM to Nyquist-WDM conversion [10] . The schematic diagram of this OFT is shown in Fig. 1(b) , where two quadratic phase-modulation stages with chirp rate K, separated by a dispersive medium with D, which satisfies the condition K=1/D (a K-D-K configuration). With this configuration, all input serial tributaries are pre-chirped by the first time-lens. When the chirped tributaries pass though the dispersive medium, they will not only experience the waveform broadening, but also become aligned (focused) to the center of the second time-lens aperture. This configuration can thus keep the waveform within the time-lens apertures, making it suitable for a simultaneous, all-channel serial-to-parallel conversion (a "complete" OFT). The chirp rate K determines the scaling factor between the time-and frequency-domains according to t 2 f/K.
Experimental setup and results
In the experimental demonstration, a high-speed 320-Gbaud serial data signal is generated by OTDM. The experimental setup is shown in Fig. 2 . A 10 GHz mode-locked laser (MLL) is used as an optical pulse source, generating a 1.5 ps pulse train at 1557 nm. This is amplified and spectrally broadened by self-phase modulation in a 400 m dispersion-flattened highly non-linear fiber (DF-HNLF). The broadened spectrum is Gaussian-filtered at 1546 nm by a programmable wavelength selective switch (WSS). The obtained 1 ps pulse train is DPSK or DQPSK modulated using an IQ modulator. The 10-Gbaud modulated signal is then OTDM-multiplexed to 320-Gbaud using an OTDM multiplexer, resulting in a 320-Gbit/s DPSK-OTDM signal or a 640-Gbit/s DQPSK-OTDM signal. Fig. 3 (a) shows the obtained 320-Gbaud OTDM signal waveform with a 3.02 ps tributary spacing. A 3.4 ps guard interval is inserted between every 32 tributaries to allow for the transition between consecutive quadratic phasemodulation windows. A complete OFT is used for the all-channel serial-to-parallel (OTDM-to-DWDM) conversion. The quadratic phase modulation is implemented based on a four-wave mixing (FWM) process in a highly nonlinear fiber (HNLF) using linearly chirped (quadratic phase) rectangular pump pulses at 10 GHz. Both pump pulses and the data signal are obtained from the same broadened spectrum using a WSS. To obtain linearly chirped pumps, the broad spectrum is filtered using the WSS, and each pump is subsequently propagated in an appropriate length of dispersive fiber. Pump 1 is dispersed in a 1250 m SMF to achieve a chirp rate K= 0.078 ps -2 for conversion of the 3.02 ps temporal spacing to a 37.5 GHz (0.3 nm) frequency grid. As the data-signal is phase-conjugated after the first FWM process, pump 2 is dispersed in 200 m of dispersion compensating fiber (DCF) having the opposite dispersion value of the 1250 m SMF, in order to achieve the same chirp rate K in the second time-lens. The central wavelengths of the pumps are set to 1562 nm. The first FWM output is shown in Fig. 3 (b) . After extraction with a 15 nm optical bandpass filter (OBPF), the idler is dispersed in an 80 m DCF corresponding to dispersion D, and subsequently combined with pump 2 and coupled into HNLF 2 for the second FWM process. The resulting spectrum is also shown in Fig. 3(b) . The generated idler is the 32-channel WDM signal converted from the 320-Gbaud OTDM signal. Fig. 3(c) shows a zoom-in on the generated idler, where 32 WDM channels with 37.5 GHz (0.3nm) spacing can be observed. When every second OTDM tributary is blocked (resulting in 16 WDM channels with 75 GHz spacing), a high extinction ratio (ER) can be observed, where 25 dB and 17 dB are for the center and left edge channels. The skew between the channels is caused by the limited FWM bandwidth of the used HNLFs. This indicates a nearly insignificant spectral overlapping, resulting in a crosstalk-less all-channel serial-to-parallel conversion. In the receiver, a 14 GHz (0.11 nm) Gaussian filter is used to demultiplex each WDM channel. Finally, the BER of each demultiplexed DPSK or DQPSK channel is measured in a pre-amplified receiver including a delay-line interferometer (DLI) and a balanced photo-detector. Fig. 4(a) shows the BER measurements for all 32 converted 10 Gbit/s DPSK-WDM channels, where error-free operation (BER<10 -9 ) is achieved for all WDM channels with an average receiver sensitivity of -39.7 dBm. The average power penalty at BER=10 -9 is 2 dB compared to the 10 Gbit/s DPSK baseline. Fig. 4(b) shows the BER measurements for some selected DQPSK-WDM channels converted from the 640-Gbit/s DQPSK-OTDM signals.
As the DQPSK signals have a higher OSNR requirement and a lower phase noise tolerance than DPSK signals at the same baud rate, there are error floors around 10 -5 and 10 -6 due to the nonlinear phase noise and OSNR degradation introduced by the FWM processes. The constellations for Ch.1, Ch.16 and the DQPSK baseline obtained using a coherent receiver with maximum received power are also shown in the inset, in which nonlinear phase noise and OSNR degradation can be observed after conversion. Fig. 4(c) shows the corresponding receiver sensitivities at BER = 10 -9 of all converted DPSK-WDM channels, as well as the receiver sensitivities at BER = 10 -3 of all DQPSK-WDM channels. It can be seen that the BER performance of the left edge channels are worse than the other channels. This is mainly due to the OSNR degradation caused by the limited FWM bandwidth of the HNLFs, which can also be confirmed in Fig. 3(c) . The DQPSK demonstration confirms the fact that the proposed scheme preserves the phase information, and can be applied to complex modulation formats.
Conclusion
We have proposed an ultra-high-speed all-channel serial-to-parallel conversion scheme based on complete OFT. All 32 tributaries of a 320-Gbit/s DPSK-OTDM signal were simultaneously converted to 32 DWDM channels, achieving a BER<10 -9 performance with only 2 dB average power penalty. By using DQPSK modulation, an allchannel 640-Gbit/s DQPSK-OTDM to WDM conversion was also demonstrated with a BER performance below the standard FEC threshold (2 x 10 -3 ). This scheme has the potential to extend the existing serial signal processing techniques to include parallel processing, which may improve the energy-efficiency for future communication systems. 
